Activation of the Wnt/b-catenin pathway is a critical step in the development of colorectal cancers. A key mediator of this activation is the recently described oncogene CDK8, which is amplified in a large number of colorectal tumors. CDK8 affects b-catenin activation by interaction of the CDK8 submodule of the mediator complex with b-catenin/TCF transcriptional complex, and by CDK8 interacting with and phosphorylating E2F1, which acts as a repressor of b-catenin/TCF transcriptional activity. The amino-acid residue in E2F1 that CDK8 phosphorylates and how this phosphorylation impacts E2F1 activity in general is not known. Here, we describe that CDK8 phosphorylates serine 375 in E2F1 both in vitro and in cells, and that phosphorylation of this residue is required for E2F1 interaction with CDK8, and that the phosphorylation is dependent on CDK8 kinase activity. The phosphorylation of S375 by CDK8 regulates E2F1 ability to repress transcription of b-catenin/TCF-dependent genes, as well as activation of E2F1-dependent genes. This regulation is due to inactivation of E2F1 transcriptional activation, and not to the interference of E2F1's ability to bind to E2F1-binding sites in various promoters or to interact with DP1.
INTRODUCTION
The dysregulation of the Wnt/b-catenin pathway has a key role in the development of colorectal cancers. [1] [2] [3] In normal cells, cytoplasmic levels of b-catenin levels are kept low by adenomatous polyposis (APC) tumor-suppressor protein. The APC protein binds cytoplasmic b-catenin and forms a complex with the protein axin, which then leads to the phosphorylation of b-catenin first by CK1, then GSK3-b, leading to b-catenin ubiquitination by APC protein, and followed by proteosomal degradation. [4] [5] [6] Upon activation of the Wnt signaling pathway, GSK3-b-mediated phosphorylation is inhibited, and the destruction complex becomes sequestered to the membrane, the pool of cytoplasmic b-catenin increases, and the cytoplasmic b-catenin migrates to the nucleus, where it interacts with members of the TCF/LEF transcription factor family to activate transcription on Wnt target genes. [4] [5] [6] In many colon cancers, the APC protein is inactivated by mutation, resulting in deregulated Wnt signaling pathway and an accumulation in both cytoplasmic and nuclear b-catenin, with a corresponding upregulation in genes involved in cell proliferation. 7, 8 When b-catenin/TCF-mediated transcription is upregulated, b-catenin binds and interacts with mediator complex. 9 The mediator complex functions as a general transcription factor involved in RNA polymerase II recruitment, stabilization of polymerase complexes at the promoter and transcriptional initiation. 10 In addition, the mediator complex also interacts with signal-activated transcription factors, allowing the mediator complex to integrate regulatory signals to help activate or repress transcription. 10, 11 Interaction between the mediator complex and b-catenin is through the mediator complex protein Med12, which binds directly to b-catenin. 9 The Med12 protein is a key component of the CDK8 submodule of the mediator complex, which can function with the larger mediator complex to regulate RNA polymerase II-mediated transcription or as an individual submodule affecting transcription both positively and negatively. 10 The key kinase in this complex is CDK8, a cyclindependent kinase whose cyclin cofactor is Cyclin C. 12, 13 Recently, CDK8 has been implicated as a potent oncogene that is amplified in colorectal cancers and melanomas, and is involved in regulating b-catenin activity. 2, [13] [14] [15] The CDK8 submodule has been implicated in the phosphoacetylation of histone H3, 16, 17 as a coregulator of stimulus-specific p53 transcription, 18 and as a regulator of transcriptional elongation for the serum response network. 19 Potential substrates for CDK8 activity include the carboxy-terminal domain of RNA polymerase II, 17, 20 the NOTCH intracellular domain, and the linker regions of SMAD 1/5 and SMAD2/3 complexes. CDK8 activates the transcriptional activity of both the Notch intracellular domain and SMAD complexes by phosphorylation, which directs both complexes to be targeted for degradation. [21] [22] [23] An additional target of regulation by CDK8 is the transcriptional regulator E2F1, which CDK8 phosphorylates to relieve the repression mediated by E2F1 on b-catenin/TCF pathway. 13, 24 In the cell, E2F1 DNA-binding sites are widespread in the genome, which enables E2F1 to exert control over hundreds of genes involved in cell growth and proliferation as either a transcriptional activator or transcriptional repressor. 25, 26 E2F1 also exerts control over b-catenin/TCF-mediated transcription by controlling expression of CTNNBIP1, also known as ICAT (inhibitor of b-catenin and TCF4), which interacts with b-catenin to interfere with its association with TCF, thereby inhibiting b-catenin/TCFmediated transcription.
E2F1 is regulated by its association with Rb, which acts as a repressor of E2F1 activity. 30, 31 E2F1 is also regulated by other CDKs and cyclins as well. The CDK2/Cyclin A complex associates and phosphorylates the amino-terminal domain of E2F1, thereby disrupting DNA binding, 32, 33 while the CDK1/Cyclin A complex can phosphorylate serine 375 (S375) of E2F1 in vitro, promoting association with Rb in vitro, 34 but appears to have little effect in vivo. 24, 26 Another CDK/cyclin complex, CDK7/Cyclin H, can phosphorylate both serine 403 and threonine 433 in the transcriptional activation domain of E2F1, promoting its rapid degradation. 35 The amino-acid residue in E2F1 that is the target for CDK8 phosphorylation has not been identified. Here, we report that S375 in E2F1 is specifically phosphorylated by CDK8, and is critical for the interaction between E2F1 and CDK8 in cells. In addition, we show that phosphorylation of S375 by CDK8 regulates E2F1's ability to activate or repress transcriptional activity, while not affecting E2F1's ability to associate with promoters or its DNAbinding partner, DP1.
RESULTS

CDK8 phosphorylates S375 in E2F1
The interaction between CDK8 and E2F1 has been previously reported, 24 but the residue that is phosphorylated by CDK8 has yet to be determined. To answer this question, we initially used recombinant GST-CDK8/GST-Cyclin C and recombinant sixhistidine-tagged E2F1 to determine if CDK8 could phosphorylate E2F1 in vitro using g-P 33 -ATP (Supplementary Figure 1a) . Only in the presence of the recombinant GST-CDK8/GST-Cyclin C, was the recombinant E2F1 phosphorylated in a dose-dependent manner. In order to confirm that the phosphorylation of E2F1 by recombinant CDK8 was due to CDK8 and not a contaminating kinase, we immunoprecipitated CDK8 from tetracycline-inducible 293 cells expressing either wild-type CDK8 or a kinase-dead CDK8 mutant (D173A) 14 (Supplementary Figure 1b) . The recombinant E2F1 was only phosphorylated with wild-type CDK8 immunoprecipitated from cells induced by doxycycline. Immunoprecipitated kinase-dead CDK8 showed no phosphorylation of E2F1, confirming that CDK8 can directly phosphorylate E2F1.
To identify the CDK8 phosphorylation site, peptide mapping was performed on recombinant E2F1 using nano liquid chromatography-mass spectrometry (LC-MS). Recombinant GST-CDK8/Cyclin C was incubated with recombinant E2F1 in the presence or absence of ATP. In the absence of ATP (Figure 1a) , no phosphorylation was observed on E2F1. In the presence of ATP, the phophorylated form of peptide A367-R388 was observed, with mass accuracy of 0.6 p.p.m. The site occupancy is higher than 95%. MS/MS fragmentation data (Figure 1b ) of this peptide further identified that S375 is the phosphorylation site. As shown in Figure 1b , a series of y ions from y2 to y20 was detected, suggesting an 80-Da modification on S375. With TiO 2 enrichment, there were only several minor residues that appeared to be phosphorylated, but each was o5% occupancy (data not shown).
Serine 375 lies in the transcriptional activation domain of E2F1, and in a homologous region identified in the transcriptional activation domain of Drosophila E2F1 that binds Drosophila CDK8. 24, 36 To further confirm that serine 375 in E2F1 is the target of CDK8 phosphorylation, we mutated serine 375 to alanine in E2F1 (S375A E2F1), and expressed the mutant recombinant protein for use in a kinase assay (Supplementary Figure 2a) . Using both the wild-type E2F1 and the mutant E2F1 in a kinase assay, recombinant GST-CDK8/GST-Cyclin C phosphorylated only the wild-type E2F1, but not the S375A E2F1 mutant. To confirm this, we immunoprecipitated CDK8 from two different cell lines that have different expression levels of CDK8, HEK-293 and HCT116 cells (Supplementary Figure 2b) . Phosphorylation was only observed when the immunoprecipitated CDK8 was incubated with wild-type E2F1 in both cell lines, while there was only slight phosphorylation when the immunoprecipitated CDK8 was incubated with the S375A mutant E2F1, indicating that S375 was the primary target of phosphorylation by CDK8. S375 in E2F1 is necessary for E2F1/CDK8 interaction Previous reports have indicated that CDK8 and E2F1 interact, and that CDK8 phosphorylates E2F1 in cells. 24 To confirm that CDK8 can bind E2F1 and phosphorylate serine 375 in E2F1 in cells, we transfected either control plasmid, MYC-tagged wild-type E2F1 or MYC-tagged S375A E2F1 expression vectors into either HCT116 or HEK-293 cells. After transfecting the cells, an immunoprecipitation (IP) kinase assay was performed, where we immunoprecipitated CDK8 using a monoclonal anti-CDK8 antibody and Protein G beads (Figure 2a) . After the IP, we performed a kinase assay using g-P 33 -ATP on the IP beads, and then eluted the bound proteins from IP complex. We then performed a second IP with rabbit anti-MYC-tag antibody and Protein A beads. After the second IP, the complexes were run on an SDS-polyacrylamide gel electrophoresis (PAGE) gel and visualized (Figure 2a) . In addition to the CDK8 IP, we also performed a reciprocal IP with the anti-MYC-tag antibody to ensure that CDK8 was interacting with the transfected E2F1 proteins.
The transfected wild-type E2F1 protein was phosphorylated by CDK8, both in the load from the kinase assay and in the second IP. In addition, the CDK8 IP indicated that the transfected wild-type E2F1 bound to CDK8, and the reciprocal immunoprecipitation with the MYC-tagged antibody confirmed the interaction. Similar to what was observed in Supplementary Figure 2 , S375A E2F1 was not phosphorylated by CDK8 (Figure 2a ). This was owing to the lack of interaction between CDK8 and S375A E2F1 as observed in both the CDK8 and the MYC-tagged IP. In both IPs, CDK8 and S375A E2F1 failed to interact, indicating that the serine 375 residue not only is the target for CDK8 phosphorylation but is also necessary for the interaction between CDK8 and E2F1.
For further confirmation that S375 is necessary for E2F1 interaction with CDK8, we transfected control plasmid, MYCtagged E2F1, MYC-tagged S375A E2F1 or MYC-tagged S375D E2F1 expression plasmids in the presence or absence of CDK8 expression plasmid into HEK-293 cells, and performed reciprocal IPs using anti-CDK8 and anti-E2F1 antibodies (Figure 2b ). IP with an anti-E2F1 antibody demonstrated that CDK8 interacted with both wild-type and S375D E2F1, which mimics phosphorylated S375 E2F1. As with the results in Figure 2a , CDK8 failed to interact with S375A E2F1 when the E2F1 was immunoprecipitated. When the reciprocal CDK8 IP was performed with an anti-CDK8 antibody, S375A E2F1 failed to interact with CDK8, while wild-type E2F1 and S375D E2F1 interacted with CDK8. Further analysis of the immunoprecipitates with an anti-phospho-S375 E2F1 antibody (characterized in Supplementary Figure 3) showed that CDK8 bound phospho-S375 E2F1. In addition, the antiphospho-S375 E2F1 antibody failed to recognize S375D E2F1 both in the cell lysate and in the IP (Figure 2b and Supplementary  Figures 3b and c) .
CDK8 phosphorylates S375 in E2F1 in cells, which correlates with b-catenin/TCF and E2F1 activity Given the phosphorylation of S375 in E2F1 by CDK8 in vitro and in vivo, we used the phospho-S375 E2F1 antibody to determine the phosphorylation state of S375 when CDK8 had been ablated or overexpressed in cell lines, and if the phosphorylation state of S375 in E2F1 had an effect on b-catenin/TCF or E2F1 activity. We first used two different short-hairpin RNAs (shRNAs) to CDK8 in SW480 and HCT116 cells, both which have a high expression level of CDK8, to deplete CDK8 from cells to see if there was an effect on S375 phosphorylation (Figure 3a) . When both cells lines are treated with CDK8 shRNAs, there was a depletion of CDK8, which is not associated with the control shRNA ( Figure 3a ). In the CDK8 shRNA-treated cells, CDK8 depletion led to a decrease in the levels of phospho-S375 E2F1 when compared with control shRNAtreated or -untreated cells. The effect on phosphorylation detected by the anti-phospho-S375 E2F1 was specific, and can be competed away when the western blot was performed in the presence of a blocking peptide containing phospho-S375, but not by a control peptide (Supplementary Figure 3d) . In addition, similar to previously published results, 14, 24 there was a decrease in both the MYC and CD44 levels in both cell lines when compared with untreated or control shRNA-treated cells (Figure 3a) . Interestingly, CDK8 depletion by shRNA led to an increase in the levels of E2F1 target genes p73 and CNNTBIP1, as compared with untreated or control shRNA-treated cells (Figure 3a) .
We then generated cell lines placing either CDK8 or D173A CDK8, 14 under the control of a tetracycline-inducible promoter in either HEK-293 cells, which have a low level of CDK8 activity, or HCT116 cells to see the effect of overexpressing wild-type or kinase-dead CDK8 on S375 phosphorylation (Figure 3b ). In the absence of doxcycline, there was no detectable phosphorylation of residue S375 in E2F1 in any of the HEK-293 or HCT116 cell lines (Figure 3b ). With the addition of doxcycline, the HEK-293 control cell line and the HEK-293 cell line expressing CDK8 KD lacked S375 phosphorylation, whereas doxcycline treatment of the HEK-293 cell line expressing CDK8 led to S375 E2F1 phosphorylation detected by the anti-phospho-S375 E2F1 antibody ( Figure 3b and Supplementary Figure 3e ). The expression of CDK8 in this cell line also led to an increased level in b-catenin-dependent genes MYC and CD44, similar to what has been previously reported, 14, 24 as well as a decrease in two E2F1-dependent genes, p73 and CTNNBIP1 (Figure 3b ). Expression of CDK8 KD mutant in HEK-293 cells did not increase expression of b-catenin-dependent genes or to a decrease in the levels of E2F1-dependent genes ( Figure 3b ).
When wild-type CDK8 is induced by doxcycline in the HCT116 cell line, an increase in phospho-S375 E2F1 was observed, along Figure 1 . S375 is the residue in E2F1 phosphorylated by CDK8. (a) MS spectrum of the phosphorylated peptide containing S375 (A367-R388). The site occupancy is 495% and the mass accuracy is 0.6 p.p.m. Recombinant E2F1 of 2 mM was incubated in the presence or absence of 50 mM ATP with 200 mM recombinant CDK8, and then subjected to LC-MS analysis. (b) MS/MS spectrum of phsophorylated peptide A367-R388. S375 is identified to be the phosphorylation site.
with an increase in MYC levels, but the levels of E2F1 target genes remained low, similar to control HCT116 cells, or non-induced cells (Figure 3b ). When CDK8 KD was induced by doxcycline, there was a decrease in phospho-S375 E2F1 as determined by the phospho-S375 E2F1 antibody, as well as a decrease in b-catenin target genes MYC and CD44. In contrast, when CDK8 KD is induced, there was an increase in the levels of p73 and CTNNBIP1 (Figure 3b and Supplementary Figure 3e) . The results of both the shRNA and CDK8 and CDK8 KD expression studies indicate that phosphorylation of S375 in E2F1, expression of b-catenin/TCF-dependent genes as well as the repression of E2F1-dependent genes was dependent on the expression of kinase-active CDK8.
S375 regulates E2F1 transcriptional activity
Owing to the effect CDK8 phosphorylation of S375 in E2F1 had on the expression of E2F1 target genes, as well as the lack of interaction of the S375A mutant of E2F1 had with CDK8, we investigated if mutating serine 375 to alanine (A) or aspartic acid (D), which mimics phosphorylation, could have an effect on transcription regulated by E2F1. We initially used mutants to see if they modulated b-catenin-mediated transcription, as wild-type E2F1 had been reported to repress b-catenin-mediated transcription. 24 Using either a SW480 cell line engineered to have a b-catenin/TCF-dependent luciferase gene to measure effects on b-catenin-mediated transcription or HCT116 cells co-transfected with TOPFLASH reporter plasmid, we transfected expression plasmids for either wild-type E2F1, S375A E2F1 or S375D E2F1 (Figure 4a) , and confirmed the expression of wild-type E2F1 or the mutant E2F1s (Supplementary Figure 4) . Both wild-type E2F1 and the S375A mutant proteins depressed b-catenin-mediated transcription in a manner similar to what has been reported for wildtype E2F1. The S375D mutant of E2F1 had no effect on b-cateninmediated transcription, suggesting that phosphorylation of S375 can inhibit the ability of E2F1 to repress b-catenin-mediated transcription (Figure 4a) .
Overexpression of CDK8 has been demonstrated to overcome the effects of E2F1 on b-catenin-mediated transcription. 24 To see if CDK8 overexpression could affect the transcriptional repression demonstrated by both wild-type E2F1 and the S375A mutant of E2F1, we transfected either wild-type or mutant E2F1 and increasing amounts of CDK8 into either SW480 TCF Luc cells or HCT116 cells co-transfected with TOPFLASH reporter plasmids. In both cell lines, increasing amounts of CDK8 reversed the repressive effects of E2F1 on b-catenin-mediated transcription (Figure 4b ). The S375A E2F1 mutant was not affected by increasing amounts of CDK8 in either cell line, indicating that the S375 residue was critical for CDK8 regulation of E2F1 with respect to b-catenin-mediated transcription (Figure 4b) .
To confirm the effects of E2F1 and its mutants observed in the luciferase reporter system, we transfected either wild-type E2F1, S375A E2F1 or S375D E2F1 expression vectors into HCT116 cells or SKUT-1 cells, which have a low level amount of Rb protein. 37 In addition, either CDK8 or kinase-dead CDK8 (CDK8-KD) was co-transfected with wild-type E2F1 or S375A E2F1. In both cases, RNA was isolated 24 h post transfection, and reverse transcriptase Figure 2 . CDK8 fails to phosphorylate and interact with S375A E2F1 in cells. (a) Wild-type and S375A mutant MYC-tagged E2F1 was transfeceted into either 293 or HCT116 cells, and then 24 h later, CDK8 was immunoprecipitated from the cells, and a kinase assay was performed in kinase buffer with 5 mM g-P 33 -ATP. Proteins were eluted from the immunocomplex, and then re-immunoprecipitated with an anti-MYC tag rabbit polyclonal antibody and Protein A beads, and then resolved on 10% SDS-PAGE gel. (b) MYC-tagged wild-type, S375A or S375D E2F1 was transfected into 293 cells for 24 h, and then CDK8 or E2F1 immunoprecipitated using anti-CDK8 or anti-E2F1 antibodies as described in Materials and methods. After IP, immunoprecipitated complexes were resolved on 10% SDS-PAGE gel, and western blotted for the presence of CDK8, E2F1 or phospho-S375 E2F1.
quantitative PCR (RT-qPCR) was performed with the isolated RNA, with expression of E2F1 and CDK8 being confirmed in RT-qPCR and western blotting (Supplementary Figure 5a) . With respect to b-catenin-sensitive genes, both wild-type and S375A mutant E2F1 could repress b-catenin-mediated transcription of MYC and CD44 in both HCT116 cells and, to a lesser degree, SKUT-1 cells (Figure 4c ), while the S375D mutant of E2F1 had no effect on expression of either gene, indicating S375 phosphorylation may have a role in the regulation of b-catenin-mediated gene expression (Figure 4c ). Co-expression of CDK8 with E2F1 could overcome the effect of wild-type E2F1 on both MYC and CD44 expression, but not the effect of the S375A mutant of E2F1. Both the wild-type and S375A mutant E2F1 were not affected by co-expression of CDK8-KD, indicating that the effects seen were dependent on CDK8 kinase activity, as well as the presence of S375 in E2F1 (Figure 4c) .
The effects observed with CDK8 overexpression, as well as shRNA depletion of CDK8 (Figures 3a and b) , suggest that CDK8 phosphorylation of E2F1 may have a more general impact on E2F1 transcriptional activity (Figure 4c ). We performed RT-qPCR on several genes (p107, PCNA, TP73 and CTNNBIP1) that are E2F1 responsive (Figure 4d) . In HCT116 cells, overexpression of wildtype E2F1 or S375A mutant of E2F1 led to an increase in the expression of p107, PCNA, TP73 and CTNNBIP1, which are all E2F1-dependent genes. In the case of the S375D mutant E2F1, overexpression of this mutant failed to increase activation of all four genes in HCT116 cells (Figure 4d ). In the SKUT-1 cells, the results mirrored the results of the HCT116 cells, except that p107 was repressed with expression of either wild-type or S375A E2F1, similar to what was observed for cells that lack Rb. 38 There was no effect observed with the S375D mutant E2F1, indicating that phosphorylation of S375 could be a key regulatory mechanism for transcriptional activation or repression mediated by E2F1. As with the b-catenin-sensitive genes, CDK8 overexpression was able to inhibit the effects of E2F1 on p107, PCNA, TP73 or CTNNBIP1 activation or repression in both cell lines, but had no effect on the S375A mutant E2F1-mediated activation or repression of all four genes in both cell lines (Figure 4d ). In addition, overexpression of CDK8-KD had no effect on the activation or repression observed on all four genes when wild-type or S375A E2F1 was overexpressed in either cell line, indicating that the activity of E2F1 was regulated by CDK8 kinase activity, and the target of CDK8 activity was residue S375 in E2F1 (Figure 4d) .
Depletion of CDK8 by shRNA has been reported to lead to changes in cell cycle.
14 Similar to CDK8 depletion, overexpression of wild-type or non-phosphorylated mutant S375A E2F1 led to decreased G1 levels in HCT116 cells transfected with expression plasmids for the two proteins (Supplementary Figure 6) . There was also an increase in size and width of the G2/M peak for either wild-type or S375A E2F1, indicating possible hyperploidy, which was also observed with CDK8 depletion by shRNA.
14 The S375D mutant of E2F1 was similar to control or non-treated cells, and there was no change in the G2/M peak, indicating that mimicking S375 phosphorylation of E2F1 potentially inactivates E2F1 activity in the cell (Supplementary Figure 6 ). CDK8 and S375 phosphorylation does not affect E2F1 DNA-binding activity A possible mechanism for CDK8 regulation of E2F1 is that CDK8 phosphorylation of S375 alters E2F1 ability to bind DNA. To assess this possibility, we performed chromatin IP (CHIP) assays for both E2F1 and CDK8 in the presence or absence of CDK8 shRNAs used in Figure 3a (Figures 5a and b) . In untreated or control shRNAtreated SW480 or HCT116 cells, both CDK8 and E2F1 bound to either the E2F1-binding element in the MYC promoter (E-MYC) or to the E2F1-binding elements in E2F1-responsive genes CCNE and TP73. When CDK8 was depleted by shRNA in either cell line, there was a reduction in the amount of CDK8 bound to any of the promoters. Interestingly, in the absence of CDK8, there was a RT-qPCR was performed using primer/probe sets for MYC and CD44. (d) Assay was performed as described above, except that primer/probe sets for p107, PCNA, TP73 and CTNNBIP1 were used.
slight increase in the amount of E2F1 associated with the promoters (Figures 5a and b) . Given the effect of depleting CDK8 had on E2F1 promoter association, we tried to determine if phosphorylation of S375 could alter E2F1 promoter binding. We transfected expression vector expressing wild-type E2F1, S375A E2F1 or S375D E2F1 into SW480 cells, and then performed a CHIP assay using an anti-Flag tag antibody, which recognizes the protein expressed by the Figure 7) . The expression of wild-type E2F1 led to binding to E2F1 DNA-binding sites in the promoters for MYC, CCNE, p107 and TP73 to similar levels ( Figure 5c ). When the S375A mutant of E2F1 was expressed, there was small increase in promoter occupancy by the mutant. The S375D E2F1 mutant, which mimics S375 phosphorylation, showed a similar level in binding to E2F1-binding sites in the promoters of the genes mentioned above to wild-type E2F1 (Figure 5c ). These results indicate that CDK8 phosphorylation did not affect E2F1 promoter binding, suggesting that phosphorylation by CDK8 can alter E2F1's ability to transactivate or repress gene expression when it is associated with the promoter, but not E2F1's ability to bind to DNA. Another potential mechanism by which CDK8 could disrupt E2F1 activity is by inhibiting the interaction with DP1, its DNAbinding partner. 33, 39 Interestingly, CDK8 did not alter the ability of DP1 to bind to E2F1, as determined by IP, unlike what has been reported for CDK2/Cyclin A complexes and CDK5 33, 40 ( Figure 6 ). CDK8, E2F1 or DP1 expression plasmids were transfected alone or in combination into either HEK-293 cells (Figure 6 ) or HCT116 cells (Supplementary Figure 8a) . CDK8, DP1 or E2F1 antibodies were then used to immunoprecipitate protein complexes from the transfected cells, and then the immumocomplexes were run on a SDS-PAGE gel and western blotted as indicated ( Figure 6 and Supplementary Figure 8a ). E2F1 and phospho-S375 E2F1 immunoprecipitated with CDK8 only when E2F1 and CDK8 were co-expressed. DP1 only interacted with CDK8 in the presence of E2F1, and similarly, phospho-S375 E2F1 was only present and capable of interacting with DP-1 when CDK8 was co-expressed with DP1 and E2F1 ( Figure 6 ). Similar results were obtained when antibodies to either E2F1 or DP1 were used to generate immunocomplexes for analysis ( Figure 6 and Supplementary Figure 7a) .
Phosphorylation of E2F1 by CDK2/Cyclin A also leads to increased turnover of E2F1 in the cell. 33 To see if phosphorylation of S375 in E2F1 leads to increased E2F1 turnover, we transfected wild-type or mutant E2F1 expression plasmids into SW480 cells, and after 24 h, treated with cycloheximide (Supplementary Figure 8b) . Neither the S375A nor S375D mutation to E2F1 altered the turnover of E2F1 when compared with wild-type E2F1, indicating that phosphorylation of S375 did not lead to increased turnover of E2F1. This suggests that CDK8 phosphorylation of S375 in E2F1 regulates E2F1's transactivation activity, preventing E2F1 ability to activate or repress gene expression. Phosphorylation of S375 appears not to affect neither E2F1 stability, ability to bind to DP1 nor the ability of E2F1 to bind DNA. DISCUSSION CDK8 has been identified as an oncogene that is necessary for the activation of b-catenin/TCF activity in colorectal cancers. 2, 14 The exact mechanism how CDK8 regulates b-catenin activity is not fully understood. Unlike CDK8 activity in melanoma cells, CDK8's kinase activity is required for its function in the b-catenin pathway. 14, 15 Potentially, CDK8 influences b-catenin-mediated transcription through Med12, which has been shown to directly interact with CDK8 as part of the Mediator CDK8 submodule, and b-catenin.
9,41,42 Depletion of either Med12 or CDK8 by RNA interference causes a decrease of b-catenin activity. 9, 14 In addition, Med12 is necessary for activating CDK8's kinase activity in the CDK8 mediator submodule. 41 Though CDK8 can impact b-catenin-mediated transcription, its oncogenic effects could only be partially inhibited by a dominantnegative TCF. 14, 19 In addition to positively regulating b-cateninmediated transcription, the CDK8 submodule of the mediator complex can act as a positive regulator of the serum response network by increasing RNA polymerase transcriptional elongation owing to increased RNA polymerase carboxy-terminal domain phosphorylation at specific activated promoters that are regulated by serum response factor, such as FOS, EGR1, EGR2 and EGR3. 19 Another potential regulatory target for CDK8 is E2F1, which has been shown to interact with and is phosphorylated by CDK8.
24
E2F1 can function as repressor of b-catenin transcriptional activity, and along with CDK8, E2F1 has been shown to localize to the MYC promoter, which is a transcriptional target of b-catenin. 24 In addition, there are large number of potential E2F1 DNA-binding sites throughout the genome. 25 The majority of potential E2F1 sites deviate from the consensus E2F1 DNA-binding sequence, suggesting that E2F1 may be recruited to a set of target promoters through cooperative interaction with other factors. 25 One such site is the MYC promoter, where the E2F1 DNA-binding site is in proximity of the transcriptional start site of the MYC promoter, which is similar to what is observed in B50% E2F1-binding sites in the genome. 24 ,25 Given E2F1's repressive effects on b-cateninmediated transcription, E2F1 may bind to a b-catenin/TCF target promoter, and block polymerase access to the transcription start site. Phosphorylation of E2F1 by CDK8 may act to relieve the repression by allowing polymerase access to the transcription start site, and in addition, help promote transcription mediated by b-catenin/TCF by the CDK8 submodule interaction with b-catenin. 9, 24 E2F1 can also impact b-catenin/TCF-mediated transcription by its regulation of CTNNBIP1, or ICAT, which has been recently shown to be a target of E2F1 transcriptional activation.
29
CTNNBIP1 functions as an inhibitor of b-catenin association with TCF by blocking the binding of TCF to b-catenin to form the b-catenin/TCF complex. 27, 28 This inhibition of b-catenin and TCF binding leads to a decrease in b-catenin/TCF-mediated transcription in cells and in Xenopus embryos. 27 Recent results from Wu et al. 29 have shown that E2F1 directly binds to the Figure 6 . CDK8 does not disrupt E2F1-DP-1 interaction. Wild-type E2F1 and DP-1 expression plasmids were transfected into HEK-293 cells in the presence or absence of CDK8 expression plasmid for 24 h. The cells were then lysed, and IP using anti-CDK8, anti-E2F1 and anti-DP-1 antibodies were performed overnight as described in Materials and methods. The immunprecipitates were reusupended in SDS-PAGE sample buffer, subjected to SDS-PAGE gel elecrophoresis and western blotted, using antibodies shown. The load for CDK8, E2F1, DP-1 and phospho-S375 E2F1 was western blotted, and is also shown.
CTNNBIP1 promoter, and controls its expression. In addition, overexpression of E2F1 or silencing E2F1 by siRNA leads to a change in CTNNBIP1 expression, which effects b-catenin activity.
CDK8 phosphorylation of E2F1 also affects the level of CTNNBIP1 expressed in cells, as well as other E2F1-dependent genes (Figure 4d ), suggesting that CDK8 phosphorylation of E2F1 may control E2F1 transactivation activity. This is also suggested by the effect of CDK8 on E2F1 DNA-binding activity or E2F1-DP1 interaction (Figures 5 and 6 ). Unlike CDK2/Cyclin A or CDK5, 33, 39 CDK8 does not interfere with E2F1-DP-1 interaction. By interfering with E2F1's interaction with DP1, both CDK2/Cyclin A and CDK5 reduce the ability of E2F1 to bind to DNA, as judged by electophoretic mobility shift assays. 33, 39 In the presence of E2F1, CDK8 can interact with DP1, which it does not do in the absence of E2F1 (Figure 6 ). In addition, CDK8 does not significantly affect E2F1's ability to bind to DNA, as judged by CHIP assay (Figures 5a-c) .
The residue in E2F1 phosphorylated by CDK8, S375, has been previously reported to be phosphorylated in vitro by another cyclin-dependent kinase, CDK1 in complex with Cyclin A 34 Though phosphorylated S375 could be detected in cell lysates, mutant Cyclin A alleles do not suppress dE2f1
RNAi phenotypes in Drosophila, indicating that Cyclin A may not regulate E2F1. 24, 25, 34, 41 An additional feature reported for E2F1 phosphorylated on S375 is increased binding to pRb. 26, 34 As both CDK8 and RB1 are located in a region of chromosome 13 that show amplification in colon cancers, 2,14 the two proteins may work in tandem, where CDK8 phosphorylates E2F1 on S375, which then allows Rb to bind to E2F1, preventing E2F1 from repressing the b-catenin/TCF target promoter in colorectal cancers.
The association between CDK8 and E2F1 is dependent on the presence of S375, as mutating the serine to alanine decreases the interaction between the two proteins. By mutating the serine 375 to alanine in E2F1, the ability of CDK8 to alleviate the repression of b-catenin-mediated transcription by E2F1 is abolished (Figures 4a-c) , while mutating the residue to aspartic acid mimics the effects of CDK8 on b-catenin-mediated transcription. Mutation of S375 in E2F1 does not significantly alter E2F1's ability to bind to DNA (Figure 5c ). In addition, phosphorylation of S375 does not alter E2F1's ability to interact with DP1 ( Figure 6 ). This suggests that the mechanism by which CDK8 exerts control over E2F1 is by regulating E2F1's ability to transactivate or repress gene expression, rather than regulating the ability of E2F1 to bind to E2F1 DNA-binding sites in various promoters.
The phosphorylation of S375 in E2F1 by CDK8 may be a general mechanism to regulate E2F1 activity, as mutation of serine 375 to aspartic acid causes a loss of activation of E2F1 target genes, such as PCNA, TP73 and CTNNBIP1, in both HCT116 cells and Rb null cells, SKUT-1. This is mirrored by the overexpression of wild-type CDK8, but not a kinase-dead mutant of CDK8, which prevents activation of E2F1 target genes by wild-type E2F1 in both cell lines. Overexpression of the S375A mutant of E2F1 causes a loss of sensitivity to CDK8 overexpression in both cell backgrounds, as well as increased activation of E2F1 target genes. These results are similar to genetic evidence in Drosophila, where the expression level of dE2F1-related alleles was increased in dCdk8 -larvae and in Drosophila SL2 cells when CDK8 was depleted by CDK8 RNA interference. 24 Amplification of CDK8 may be a novel way for cells to overcome regulation by E2F1, allowing cells to prevent expression of E2F1 target genes that regulate cell cycle control or that are proapoptotic. By abrogating E2F1 activity, CDK8 appears to promote increased cell proliferation at least in colorectal cancers. Phosphorylation by CDK8 could potentially function as a mechanism to regulate E2F1 activity. Based on the data presented above, CDK8 regulation of E2F1 appears to be a general mechanism to achieve control over E2F1-mediated activation or repression of transcription. Potentially, targeting CDK8 for inhibition, at least in tumors that overexpress or amplify CDK8, could help restore E2F1 activity in these tumors, promoting inhibition or regression of tumor growth.
MATERIALS AND METHODS Plasmids
Expression plasmids for CDK8 and E2F1 (pCMV6 CDK8 and pCMV6 E2F1) were purchased from Origene (Rockville, MD, USA). Mutants for CDK8 (pCMV 6 CDK8 D173A) and E2F1 (pCMV6 E2F1 S375A and pCMV6E2F1S375D) were generated by site-directed mutagenesis, performed by Genewiz Inc. (Piscataway, NJ, USA). pTL-E2F1 Luc was purchased from Panomics (Santa Clara, CA, USA). pRL-SV40 was purchased from Promega (Madison, WI, USA).
Cell lines
SKUT-1 and HEK-293 cells were obtained from ATCC (Manassas, VA, USA) and grown in Dulbecco's modified Eagle's medium plus 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA). HCT116 cells were from ATCC and grown in RPMI 1640 plus 10% fetal bovine serum. CDK8 and CDK8 kinase-dead tetracycline-inducible cell lines were made using Invitrogen's T-Rex system. CDK8 from pCMVCDK8 and CDK8 D173A from pCMVCDK8 KD plasmids were digested with SgFI (Promega), blunted with Klenow and then digested with XhoI (New England Biolabs, Ipswich, MA, USA). The fragments were then cloned into pCDNA 4/TOa digested with BamHI, blunted with Klenow and then digested with XhoI (New England Biolabs). A tatal of 293 cells were transfected with a 6:1 ratio of pCDNA6/TR (tet-repressor) and pCDNA4/TO based CDK8 or CDK8 KD plasmids with Lipofectamine 2000 (Invitrogen). Cells were selected with 3.5 mg/ml Blasticidin (Invivogen, San Diego, CA, USA) and 300 mg/ml Zeocin (Invitrogen) in Dulbecco's modified Eagle's medium plus 10% Tetracycline-free fetal bovine serum (Clontech, Mountain View, CA, USA). SW480 TCF Luc cells were generated by transfecting SW480 cells with pGL4.15 (Promega) with 3 Â TCF-binding site derived from pTopFlash (Millipore, Billerica, MA) cloned in between the XhoI and HindII sites in the plasmid and pRL-SV40 (Promega) for control of basal transcription. Cells were selected in 200 mg/ml G418 (Invitrogen) and 100 mg/ml Hygromycin (Invitrogen).
Luciferase assays SW480 TCF Luc cells were transfected with pCMV6, pCMV6 E2F1, pCMV6 E2F1 S375A and pCMV6 E2F1 S375D with Lipofectamine 2000, and incubated for 48 h at 37 1C. Cells were then rinsed with phosphatebuffered saline, and then lysed with Promega passive lysis buffer, and assayed using Promega dual luciferase (firefly luciferase/Renilla luciferase) kit. In some experiments, pCMV6 CDK8 and pCMV CDK8 D173A were co-transfected with the E2F1 plasmids. HCT116 cells were transfected as above along with TopFlash plasmid (Millipore) and pRL-SV40 (Promega). SKUT-1 cells were transfected as above with pTF-E2F1 Luc and pRL-SV40 as well as E2F1 and CDK8 plasmids.
Antibodies
Anti-Myc tag and CD-44 antibodies was purchased from Cell Signaling Technology (Danvers, MA, USA). Anti-E2F1 (total) and CNNTBIP1/ICAT were obtained from Sigma/Aldrich (St Louis, MO, USA). anti-CDK8 and p73 antibodies were from BD Bioscience (San Diego, CA, USA). Anti-Myc antibody was purchased from Roche Biochemicals (Indianapolis, IN, USA).
The anti-phospho S375 E2F1 antibody was generated by SDX (Dover, DE, USA). A phospho-peptide encompassing serine 375 from E2F1 (NH 2 -RAPVDEDRL(pS)PLVAADSC) coupled to Complete Freund's adjuvant was inoculated into rabbits after an initial prebleeding. After four boosting cycles with peptide and Incomplete freund's adjuvant, the serum from the rabbits was tested by enzyme-linked immunosorbent assay for reaction to the immunization peptide compared with a non-phosphorylated control peptide (NH 2 -RAPVDEDRLSPLVAADSC) from the same region of E2F1 as the phospho peptide. After two additional boosting cycles, the rabbits were exsanguinated, and the serum was affinity purified. The serum was first passed through a column containing the control peptide coupled to sepharose resin. The flow through was then applied to a column containing the phosphopeptide coupled to sepharose. The antibody was eluted using 0.1 M glycine at pH 2.5. After elution, the antibody had a
